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Abstract

We survey results in geometric network design theory, including algorithms for constructing
minimum spanning trees and low-dilation graphs.



1 Introduction

This survey covers topics igeometric network desigiheory. The problem is easy to state: connect

a collection ofsitesby a “good” network. For instance, one may wish to connect components of

a VLSI circuit by networks of wires, in a way that uses little surface area on the chip, draws little
power, and propagates signals quickly. Similar problems come up in other applications such as
telecommunications, road network design, and medical imaging [1]. One network design problem,
the Traveling Salesman problem, is sufficiently important to have whole books devoted to it [79].
Problems involving some form of geometric minimum or maximum spanning tree also arise in the
solution of other geometric problems such as clustering [12], mesh generation [56], and robot motion
planning [93].

One can vary the network design problem in many ways. The space from which the sites are drawn
is often the Euclidean plane, but other metrics and higher dimensions are possible. One may wish to
construct networks of varying classes such as trees, planar graphs, or general graphs. One may restrict
the vertices of the network to be at the given sites or instead allow addigosialer points One may
measure the quality of a network in different ways; typical quality measures includeeigat(total
length of all edges in a networldjameter(longest network distance between two sites), ditetion
(largest ratio of network distance to Euclidean distance). The problem metatie or various types
of dynamicchanges to the collection of sites may be possible.

Geometric network design problems can generally be solved by translation to a graph problem:
simply form acomplete geometric graph which each pair of sites is connected by an edge with length
equal to the distance between the pair. We are interested here in solutions which depend intrinsically on
the geometry of the problem, and don’t immediately reduce a geometric problem to a graph problem.

This survey is organized from the specific to the general: we first describe algorithms for finding
trees of various types, then algorithms for finding planar graphs, and finally we describe algorithms for
finding graphs without restriction to a specific class. Within a class of graphs we organize the topics
by the criteria used to measure the quality of a given graph. We only describe problems of designing
networks with vertices limited to the initial sites; Steiner tree and Steiner triangulation problems have
been extensively surveyed elsewhere [17, 19, 48].

2 Trees

Much of the research on geometric network design problems has involved problems in which the
network to be designed is a tree. Such problems include the minimum spanning tree, maximum
spanning tree, minimum diameter spanning tree, bounded degree spanning trees (such as the traveling
salesman path), and thepoint minimum spanning tree.

VLSI design theory is responsible for several more specialized geometric spanning tree problems,
which we do not discuss in detail: Steiner min-max spanning trees [36], minimum skew spanning trees
(for routing clock signals) [69, 70, 110], and minimum area routing of interdigitated power and ground
networks [67]. For more discussion of these and other geometric VLSI problems, see Sherwani [107].
Much of the work on these problems provides only heuristics for their solution, so there may be room
for more work on exact algorithms.



Figure 1. The lune of two points, their diameter circle, and avd@dge.

2.1 Minimum weight spanning trees

The most basic and well-studied network design problem is that of finding minimum spanning trees:
connectthe sites into a tree with minimum total weight. Many graph minimum spanning tree algorithms
have been published, with the best taking linear time in either a randomized expected case model [71]
or with the assumption of integer edge weights [61]. For deterministic comparison-based algorithms,
slightly superlinear bounds are known [62]. Therefore, by constructing a complete geometric graph,
one can find a geometric minimum spanning tree in t@xa?), in any metric space for which distances

can be computed quickly.

Faster algorithms for most geometric minimum spanning tree problems are based on a simple
idea: quickly find a sparse subgraph of the complete geometric graph, that is guaranteed to contain all
minimum spanning tree edges. The details of this approach vary depending on the specific problem; for
planar problems the Delaunay triangulation is the appropriate graph to use, while for higher dimensional
problems a more complicated recursive decomposition works better.

2.1.1 Planar MSTs

In the plane, one method of finding a subgraph containing the minimum spanning tree is provided by
the following well-known result. Define tHane of two pointsu andv to be the region interior to the
two circles having line segment as radius.

Lemma 1. Supposealv is an edge in the minimum spanning tree of a planar point set. Then the lune
of u andv contains no other site.

Proof: LetT be a tree containingv, and letw be some other site in the lune vfandv. Then the
lengths of segmentsu andwv are both shorter than that of segmant The removal oliv from T
would partition it into two connected componemits(containingu) andV (containingv). If w is in

U, T —uv+wv would be atree, and ib isinV, T — uv + uw would be a tree, in either case having
smaller weight tham. Soif T is to be minimum, there can be no such painin the lune. O



The set of all edgesv with empty lunes is known as thelative neighborhood graph The
lemma above can be rephrased as stating that the minimum spanning tree is a subgraph of the relative
neighborhood graph. Clearly, the lune containsdlzeneter circleof uv. It also contains the region
formed by intersecting a circle centerediatith radiusuv, with any 60 wedge having apex atand
containingv. (Both shapes are depicted in Figure 1.) As a consequence we have the following results.

Lemma 2 (Shamos and Hoey [106])The minimum spanning tree of a point set is a subgraph of the
points’ Delaunay triangulation.

Proof: An edge is in the Delaunay triangulation if some circle contains the two endpoints and no
other site. This holds for the minimum spanning tree edges and their diameter circles.

Lemma 3(Yao [115]) Partition the set of planar unit vectors into subsets, no one subset containing
two vectors at angles 6@r greater to each other. For each sitand each subs&of the unit vectors,

find the nearest other sitesuch thatuv has slope irS. Then the collection of all such pairs, v)

forms a graph containing the minimum spanning tree of the sites.

Proof: The set of points forming slopes Bfrom u forms a subset of a 6AQvedge, and as we have
seen the portion of that wedge closeutthan isv is a subset of the lune afandv. O

All three of these lemmas can be used to find the minimum spanning tree quickly:
Theorem 1. We can find the minimum spanning tree of a planar point set in @aelogn).

Proof: By any of various methods, one constructs the relative neighborhood graph, Delaunay trian-
gulation, orYao graphdescribed in Lemma 3 in tim@(n logn). Any of the classical graph minimum
spanning tree algorithms can then find the minimum spanning tree of these graphs@titog n) or

better. (The firsttwo graphs are planar, solda’s algorithm or a method of Cheriton and Tarjan [29]

can be used to find their minimum spanning trees in linear time.) By the lemmas above, the minimum
spanning trees of these graphs are exactly the geometric minimum spanning trees of thefpoints.

2.1.2 Higher dimensional MSTs

The methods described above, for constructing graphs containing the minimum spanning tree, all
generalize to higher dimensions. However Lemma 2 is not so informative, because the Delaunay
triangulation may form a complete graph. Lemma 3 is more useful; Yao [115] used it to find minimum
spanning trees in tim®(n?—¢¢) where for any dimensiod, 4 is a (very small) constant.

Agarwal et al. [2] found a more efficient method for high dimensional minimum spanning trees,
via bichromatic nearest neighbar# we are given two sets of points, one set colored red and the other
colored blue, the bichromatic nearest neighbor pair is simply the shortest red-blue edge in the complete
geometric graph. Itis not hard to show that this edge must belong to the minimum spanning tree, so
finding bichromatic nearest neighbors is no harder than computing minimum spanning trees. Agarwal
et al. show thatitis also no easier; the two problems are equivalent to within a polylogarithmic factor.



The intersection of ang halfspaces formssimplicial conewith anapexwhere the three bounding
hyperplanes meet. We defindauble conéo be the union of two simplicial cones, where the halfspaces
defining the second cone are opposite those defining the first cone on the same bounding hyperplanes.
Such a double cone naturally defines a pair of point sets, one in each cone. Debipertiveg angle
of a cone to be the maximum anglew wherev is the apex and andw are in the cone. The opening
angle of a double cone is just that of either of the two cones forming it.

Lemma 4 (Agarwal et al.) There is a constant such that, ifpq is a minimum spanning tree edge,
and P Q are the points in the two sides of a double cone with opening angle atamasth p € P
andqg € Q, thenpgq is the bichromatic nearest neighbor pairfofind Q.

The proof involves using Lemma 3 to show thatand g must be mutual bichromatic nearest
neighbors. Itthen uses geometric properties of cones to show that, if there were a clopy’ pdien
pp andqq’ would also have to be smaller tham, contradicting the property of minimum spanning
trees that any two points are connected by a path with the shortest possible maximum edge length.
One can then use this result to find a graph containing the minimum spanning tree, by solving a
collection of bichromatic closest pair problems defined by a sequence of double cones, such that any
edge of the complete geometric graph is guaranteed to be contained by some double cone.

Lemma 5 (Agarwal et al.) Given a set of points in RY, we can form a hierarchical collection of
O(nlog®? n) bi-chromatic closest pair problems, so that each point is involvediif—1) problems

of sizeO(n/2") (1 < i < logn) and so that each MST edge is the solution to one of the closest pair
problems.

Proof: For simplicity of exposition we demonstrate the result in the casedhat2; the higher
dimensional versions follow analogously.

If pgisaminimum spanning tree edge, ands a double wedge having sufficiently small interior
angle, withp in one half ofw andq in the other, therpg must have the minimum distance over all
such pairs defined by the pointsin Therefore ifF is a family of double wedges with sufficiently
small interior angles, such that for each pair of poifjisq) some double wedge(p, q) in F has
p on one side and on the other, then every MST edge is the bichromatic closest pair for wedge
w(p, q).

Suppose the interior angle required is/X. We can divide the space around each pgimto k
wedges, each having that interior angle. Suppose pddails inside wedgev. We find a collection of
double wedges, with sides parallektgthat is guaranteed to contgim. By repeating the construction
k times, we are guaranteed to find a double wedge containing each possible edge.

For simplicity, assume that the sides of wedgere horizontal and vertical. In the actual con-
struction,w will have a smaller angle thamn/2, but the details are similar. First choose a horizontal
line with at mostn/2 points above it, and at mosy2 points below. We continue recursively with
each of these two subsets; therefore if the line does not grpahienpq is contained in a closest pair
problem generated in one of the two recursive subproblems. At this point we have two sets, above
and below the line. We next choose a vertical line, again dividing the point set in half. We continue
recursively with the pairs of sets to the left of the line, and to the right of the line. If the line does



Figure 2. A fair split tree.

not crosspq, then pq will be covered by a recursive subproblem. If both lines crogsgdso that it
was not covered by any recursive subproblem, thép, q) can be taken to be one of two bichromatic
closest pair problems formed by opposite pairs of the quadrants formed by the two lines.

The inner recursion (along the vertical lines) gives rise to one subproblem contaimhgach
level of the recursion, and each level halves the total number of poinfsesds up involved in one
problem of each possible sing2' . The outer recursion generates an inner recursion at each possible
size, givingi problems total of each size/2. The construction must be repeated for each ofkthe
wedge angles, multiplying the bounds 6y1). O

Theorem 2(Agarwal et al.) We can compute the Euclidean minimum spanning tree e{damen-
sional point set in randomized expected ti@¢n logn)*?) for d = 3, or deterministically in time
O(n?-2/([d/21+D+€) in any dimension, for any fixed constant

Proof: We use Lemma 5 to find a collection of bichromatic closest pair problems, which can be
solved in the given time bounds. The resulting closest pairs form a graphQwittog®®) edges,
from which the minimum spanning tree can easily be found in @gelog®®). O

2.1.3 Approximate MSTs

The method above for high dimensional minimum spanning trees takes close to quadratic time when
the dimension is large. We describe now a method for approximating the minimum spanning tree,
within any desired accuracy, much more quickly. This method is due to Callahan [25, 26], and is
based on his technigue wfell-separated pair decompositiofVe will use this same method later in
the construction of spanners. Callahan also uses this technique to compute exact minimum spanning
trees from bichromatic pairs, somewhat more efficiently than the reduction of Agarwal et al. described
above, by using bichromatic nearest neighbor computations to merge clusters of points; we omit the
details. Similar minimum spanning treee approximation algorithms with worse tradeoffs between time
and approximation quality were previously found by Vaidya [111] and Salowe [100].

Callahan’s method is to recursively partition the given set of sites by axis-parallel hyperplanes.
This produces a binary trée, in which each node corresponds to a subset of points contained in some
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d-dimensional box. For any nodeof T, corresponding to some s8tv) of points, defineR(v) to
be the smallest axis-aligned box containing the same point set, af@d Jedenote the length of the
longest edge oR(v). Then Callahan call$ afair split treeif it satisfies the following properties:

e For each leaf nodeof T, |S(v)| = 1.

e For each internal node, one can choose the axis-parallel hyperplane separating its children’s
points to be at distance at ledsb) /3 from the sides oR(v) parallel to it.

Figure 2 depicts a fair split tree. Such a tree can be constructed irGiméogn) (for any fixed
dimension) via any of several algorithms, for instance using methods for quadtree construction [20].

Callahan now defines well-separated pairdecomposition (for a given parametgrto be a
collection of pairs of nodes of a fair split tree, having the properties that

e For any pair of sitegp, q) in the input, there is exactly one pair of nodés Q) in the decom-
position for whichpis in S(P) andq is in S(Q).

e For each pai(P, Q) in the decomposition, there is a lengtluch thatS(P) and S(Q) can be
enclosed by two radius-balls, separated by a distance of at lesast

The connection between this definition, minimum spanning tree edges, and bichromatic pairs, is
explained by the following result.

Lemma 6 (Callahan) Let pg be a minimum spanning tree edge, afd Q) be a pair of nodes in a
well-separated decomposition of the input (wstk= 2) for which pis in S(P) andq is in S(Q). Then
pg must be the bichromatic closest pair connect®i§) and S(Q).

Proof: This follows from the well-known fact that the minimum spanning tree solvebaoitteneck
shortest path problepof connecting two pointg andq by a path with the shortest possible maximum
edge length. If there were a shorter edgg’ connectingS(P) and S(Q), one could find a path
p- p’-q’-q using shorter edges tham, contradicting this property of minimum spanning tre€s.

As a consequence one can find minimum spanning trees by solving a collection of bichromatic
closest pair problems for the pairs of a well-separated pair decomposition, then compute a minimum
spanning tree on the resulting graph. However for this approach to be useful, one must bound the
complexity of the well separated pair decomposition.

Callahan constructs his well separated pair decomposition as follows. The method is recursive, and
constructs a collection of pairs of sets covering all edges connecting two point sets, each represented
by a node ofT . Initially, we call this recursive algorithm once for the two children of each node of
The recursive algorithm, if presented with well-separated n&dasdQ of T, simply returns one pair
(P, Q). Otherwise, it swaps the two nodes if necessary soRhatthe one with the larger bounding
box, and calls itself recursively on node paiBs, Q) and(P»,, Q) whereP, are the two children oP.

Intuitively, each node of is then involved only in a small number of pairs, corresponding to nodes
with similar sized bounding boxes within a similar distance from the node.

Lemma 7 (Callahan) The procedure described above results in a well-separated pair decomposition
consisting ofO(n) pairs, and can be performed in tindgn) given a fair split tree of the input.
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This information is not enough to reduce the problem of finding exact minimum spanning trees
to that of bichromatic closest pairs; it may be, for instance, that the decomposition ing2{wées
pairs(P, Q) for which |S(P)| = 1 and|S(Q)| = 2 (n); the total size of all subproblems would then
be quadratic. (Callahan does use this decomposition in a more complicated way to reduce minimum
spanning trees to bichromatic closest pairs). However if we only want an approximate minimum
spanning tree, the problem becomes much easier.

Theorem 3(Callahan) For any fixeds, one can compute i@ (nlogn) time a tree having total length
within a factor of(1 + ¢) of the Euclidean minimum spanning tree.

Proof: Compute a well-separated pair decompositionsfes max2, 4/¢) and form a grapls by
choosing an edgpq for each pair P, Q) in the decomposition. Note thaig can have length at most

r (4+ s) and any other edge connecting the same pair must have length aslesspq approximates

the bichromatic closest pair withiid + ¢). Replacing each edge of the true minimum spanning tree by
the corresponding edge @& produces a subgragof G with weight within (1 + ¢) of the minimum
spanning tree.

We now prove by induction on the length of the longest edge in the corresponding minimum
spanning tree path that any two sites are connected by a p&h $pecifically, lete = pq be the
longest edge in the minimum spanning tree path connecting the sites; then the corresponding edge in
G connects two pointg’'q’ in the same pai¢P, Q) of the decomposit.on, There is a path of edges all
shorter thare from one of the two sites t@’ (via the minimum spanning tree @, then within the
cluster top’, using the fact thas > 2 to prove that this last step is shorter th@n By the induction
hypothesis, one can find such a path using only edg&s 8imilarly there is a path of edges 8all
shorter thare from g’ to the other site. Therefoi®is connected, and must be a spanning tree.

The minimum spanning tree & must then be shorter th&) so it approximates the true minimum
spanning tree of the sites within(a + ¢) factor. O

By choosing more carefully the representative edges from each pair in the decomposition, Callahan
achieves a time bound @(n(logn + ¢~%2loge—1)) for this approximation algorithm.

2.1.4 Incremental and Offline MSTs

In some applications one wishes to compute the minimum spanning trees of a sequence of point sets,
each differing from the previous one by a small change, such as the insertion or deletion of a point. This
can be done using similar ideas to the static algorithms described above, of constructing a sparse graph
that contains the geometric minimum spanning tree. Such a graph graph will also change dynamically,
and we use a dynamic graph algorithm to keep track of its minimum spanning tree. As with the static
problem, the specific graph we use may be a Yao graph, Delaunay triangulation, or bichromatic closest
pair graph, depending on the details of the problem.

We start with the simplest dynamic minimum spanning tree problem, in which only insertions are
allowed to a planar point set. In this case, the graph of choice i¥dbegraphdescribed earlier, in
which we compute for each point the nearest neighbor in each of Siwé@ges.



Lemma 8. Given a setS of n points, and a given 60wedge of angles, i©(nlogn) time we can
construct a data structure which can determin® {fog n) time the nearest point i to a query point
X, and forming an angle from within the given wedge.

Proof: We construct an Voronoi diagram for the convex distance function consisting of the Euclidean
distance for points within the wedge, and infinite distance otherwise. This diagram can be found in
time O(nlogn) using any of several algorithms [34, 47, 88]. We then perform planar point location
in this diagram; again, various algorithms are possible [49, 77, 84, 103].

We can then apply the static-to-dynamic transformation for decomposable search problems [15]
to this data structure, producing an incremental data structure in which we can insert p&mtsdo
answer the same sorts of queries, both in t@og? n).

Theorem 4. We can maintain the Euclidean minimum spanning tree of a set of points in the plane,
subject to point insertions only, in tim@(log? n) per update.

Proof: We maintain a sparse gra@hcontaining the minimum spanning tree. We then use the above
data structure to determine for each new point six candidate edges by which it might be connected
to the minimum spanning tree, and add these edgé& tinsertions to a dynamic graph minimum
spanning tree problem can be handled in logarithmic time each, using a data structure of Sleator and
Tarjan [108]. O

A more complicated technique based on the same Yao graph idea can be used to hafilithe an
sequence of both insertions and deletions, in the same time bound [52].

2.1.5 Fully dynamic MSTs

The fully dynamic case, in which we must handle both insertions and deletiting (without knowing
the sequence of events in advance) is much harder. A method of Eppstein [53] can be used to maintain
the solution to a bichromatic closest pair problem; combining this with the reduction of Lemma 5 and
a fully dynamic graph minimum spanning tree algorithm [59] gives a method with amortized running
time O(nY2log® n + n1-%(4/21+D+€y nar ypdate, wherd denotes the dimension of the problem.
However this time bound is too large, and the algorithm too complicated, to be of practical interest.
We instead describe in more detail a technique that works well in a certain average case setting defined
by Mulmuley [92] and Schwarzkopf [104].

We define asignatureof sizen to be a seS of n input points, together with a stringof length
at most 2 consisting of the two characters “+” and-". Each “+” represents an insertion, and each
“—" represents a deletion. In each prefixspthere must be at least as many “+” characters as there
are “—" characters, corresponding to the fact that one can only delete as many points as one has
already inserted. Each signature determines a space of as mamy’agdate sequences, as follows.
One goes through the strirgfrom left to right, one character at a time, determining one update per
character. For each “+” character, one chooses a pofrdm S uniformly at random among those
points that have not yet been inserted, and inserts it as an update in the dynamic problem. For each
“—" character, one chooses a point uniformly at random among those points still part of the problem,
and updates the problem by deleting that point. For any signature, we defieepiheted timéor a
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given algorithm on that signature to be the average time taken by that algorithm among all possible
update sequences determined by the signature. The algorithm is not given the signature, only the actual
sequence of updates. We then define the expected time of the algorithm on inputsnoosieethe
maximum expected time on any signature of sizén other words, we choose the signature to force
the worst case behavior of the algorithm, but once the signature is chosen the algorithm can expect the
update sequence to be chosen randomly from all sequences consistent with the signature. Note that
this generalizes the concept ofemdomized incrementalgorithm, since the expected case model for
such algorithms is generated by signatures containing only the “+” character.

To demonstrate the power of this expected case model, and derive a fact we will need in our
minimum spanning tree algorithm, we prove the following result. Compare this wit® thg worst
case bound on the amount of change per update in the Delaunay triangulation.

Lemma 9 (Mulmuley). For any sighature of size, the expected number of edges in the Delaunay
triangulation that change per updatedsl).

Proof: We first consider the change per insertion. Suppose after an insertion at somefsteg
algorithm, there are exactlypoints remaining. Since the Delaunay triangulation is a planar graph, it

will have at most 3 — 6 edges. Each edge will have just been added to the graph if and only if one

of its endpoints was the point just inserted, which will be true with probabilify o the expected
number of additional edges per insertion is at m83t— 6 - 2/j) = O(1). The number of existing

edges removed in the insertion is at most proportional to the number of edges added, and can possible
be even smaller if the convex hull becomes less complex as a result of the insertion. Thus the total
change per insertion ®(1). The total change per deletion can be analysed by a similar argument that
examines the graph before the deletion, and computes the probability of each edge being removed in
the deletion. O

This fact can then be used to show that the Delaunay triangulation can be maintained efficiently.
Deletions can be performed in time proportional to the complexity of the change [4]. Insertions can
also be performed in this amount of time as long as the point to be inserted can be located within the
existing Delaunay triangulation. This point location can be performed using a data structure based on
the history of the structure of the Delaunay triangulation, similar to that used by Guibas et al. [66],
and which can be shown to have logarithmic expected search time in this expected case model. With
some care, this structure can be updated quickly after each deletion.

Theorem 5. The minimum spanning tree can be maintained fully dynamically for any signature of
sizen in expected timed (logn) per update.

Proof: As shown by Mulmuley, by Schwarzkopf, and by Devillers et al. [43], we can maintain the
Delaunay triangulation in this time bound. Since the Delaunay triangulation is a planar graph, we can
find its minimum spanning tree using a data structure of Eppstein et al. [60].

Open Problem 1. Can we maintain the Euclidean minimum spanning tree dynamically in polyloga-
rithmic worst case or amortized time per update?



2.2 Maximum weight spanning trees

For graphs, the maximum spanning tree problem can be transformed to a minimum spanning tree
problem and vice versa simply by negating edge weights. But for geometric input, the maximum
spanning tree is very different from the minimum spanning tree, and different algorithms are required
to construct it. This problem was first considered by Monma et al. [90], and has applications in certain
clustering problems [12].

We first examine the edges that can occur in the maximum spanning tree. One might guess, by
analogy to the fact that the minimum spanning tree is a subgraph of the Delaunay triangulation, that
the maximum spanning tree is a subgraph of the farthest point Delaunay triangulation. Unfortunately
this is far from being the case—the farthest point Delaunay triangulation can only connect convex
hull vertices, and it is planar whereas the maximum spanning tree has many crossings. However we
will make use of the farthest point Delaunay triangulation in constructinépitiieest neighbor forest
formed by connecting each site to the site farthest away from it.

The first fact we need is a standard property of graph minimum or maximum spanning trees.

Lemma 10. The farthest neighbor forest is a subgraph of the maximum spanning tree.

Lemma 11(Monmaet al.[90]). Let each tree of the farthest neighbor forest be two-colored. Then
for each such tree, the points of any one color form a contiguous nonempty interval of the convex hull
vertices. The trees of the forest can be given a cyclic ordering such that the intervals adjacent to any
such interval come from adjacent trees in the ordering.

Lemma 12(Monmaet al.[90]). Lete = (x, y) be an edge in the maximum spanning tree but not in
the farthest neighbor forest, within some farthest point neighbor trde Thenx andy are both
convex hull vertices, ang is in a tree adjacent td in the cyclic ordering of Lemma 11.

Putting these pieces of information together, we have the following result.

Theorem 6(Monmaet al.[90]). The maximum spanning tree of a planar point set can be constructed

in O(nlogn) time by computing the farthest neighbor forest, determining the cyclic ordering of
Lemma 11, finding the longest edge between each adjacent pair of trees in the cyclic ordering, and
removing the shortest such edge.

The farthest neighbor forest and the longest edge between adjacent trees can be computed easily
via point location in the farthest point Voronoi diagram.

Eppstein [55] considered the same problem from the average case dynamic viewpoint discussed
above. His algorithm performs a similar sequence of steps dynamically: maintaining a dynamic
farthest neighbor forest, keeping track of the intervals induced on the convex hull and of the cyclic
ordering of the intervals, and recomputing longest edges as necessary between adjacent intervals using
a dynamic geometric graph based oniibtating caliperalgorithm for static diameter computation.

Theorem 7 (Eppstein) The Euclidean maximum spanning tree can be maintained in expected time
O(log®n) per update.
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Justas higher dimensional minimum spanning trees are closely related to bichromatic nearest neigh-
bors, higher dimensional maximum spanning trees can be related to bichromatic farthest neighbors.
Agarwal et al. [3] used this idea to give a randomized algorithm for the three-dimensional maximum
spanning tree with expected time complex@®(n*23log’/3n), almost matching the bound for the
corresponding minimum spanning tree problem. The same authors also provide fast approximation
algorithms to three- and higher-dimensional maximum spanning tree problems.

Since the maximum spanning tree involves many edge crossings, it is also natural to consider the
problem of finding the maximum planar spanning tree, that is, the maximum weight spanning tree not
involving any edge crossings. The exact complexity of this problem appears to be unknown, but Alon
et al. [6] point out that it can be approximated to within a factor of two simply by choosing a tree with
a star topology (in which onleubvertex is connected to all — 1 others). Choosing the best possible
hub can be done i®(n?) time; Alon et al. show that a constant factor approximation to the maximum
non-crossing spanning tree can be foun@ign) time by choosing a suboptimal hub.

Open Problem 2. What is the complexity of finding the exact maximum weight non-crossing span-
ning tree? If itis NP-hard, how well can it be approximated in polynomial time?

2.3 Low-degree spanning trees

For points in the plane (with the Euclidean metric), any minimum spanning tree has degree at most
six, and a perturbation argument shows that there always exists a minimum spanning tree with degree
at most five [91]. In general the degree of a minimum spanning tree in any dimension is bounded by
thekissing numbefmaximum number of disjoint unit spheres that can be simultanously tangent to a
given unit sphere) [98].

However it is interesting to consider the construction of trees with even smaller degree bounds. As
an extreme example, thieveling salesman pathroblem asks us to find a spanning tree with degree
at most two. As is well known, one can approximate this to within a factor of two by performing
an Euler tour of the graph formed by doubling the edges of a minimum spanning tree. Christofides’
heuristic [35] reduces the approximation ratio to 3/2 by forming a smaller Eulerian graph, the union
of a minimum spanning tree and a matching on its odd degree vertices. These techniques do not take
much advantage of the geometry of the problem, and work for any metric space.

Very recently, Arora (personal communication) has discovered a polynomial time approximation
scheme for the planar Traveling Salesman Problem. The basic idea, like that of many recent geometric
approximation algorithms, is to use dynamic programming on a structure similar to Callahan’s fair
splittree. Arora shows that, for any point set, there exists a tour approximating the TSP and a recursive
decomposition in which each box is crossed only a small number of times by this approximate tour.
One can then find the best possible subtour for each small subset of edges crossing each box, by
combining similar information from smaller boxes.

This approximation strategy generalizes to higher dimensional traveling salesman problems as
well, but the time bounds grow to quasipolynomial (exponential in a polylogarithmic function of
with the exponent in the polylogarithm depending on dimension).

One can also consider degree bounds between two and five. Khuller et al. [75] consider this
problem for degree bounds of three and four; they show that one can find constrained spanning trees
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Figure 3. (a) 6-point minimum spanning tree. (b) Guillotine partition .

with length 3/2 and 5/4 times the MST length respectively. They also show that in any dimension one
can find a degree-three tree with total length at most 5/3 that of the minimum spanning tree.

The methods of Khuller et al. are based, like the 2-approximation to the TSP, on modifications to
the minimum spanning tree to reduce its degree. For instance, their algorithm for the planar degree-
three tree problem roots the minimum spanning tree, then finds for each vettiexshortest path
starting atv and visiting all the (at most four) children of The union of these paths is the desired
degree-three tree.

The exact solutions to the planar degree-three spanning tree problem is NP-hard [95] but apparently
the complexity of the degree-four problem remains open.

Open Problem 3. Is it NP-hard to find the minimum weight degree-four spanning tree of a planar
point set?

Itis also natural to consider maximization versions of these bounded-degree spanning tree problems.
Barvinok [14] shows that the adjacency matrix of a complete geometric graph (using a polyhedral
approximation to the Euclidean distance function) has “low combinatorial rank” and uses this to
approximate the maximum traveling salesman problem within any féttere) in polynomial time.

Little seems to be known about similar bounded-degree maximum spanning tree problems with larger
degree bounds.

Alon et al. [6] consider the maximum non-crossing traveling salesman problem, and its general-
ization to the construction of a maximum bounded-degree non-crossing spanning tree. They show that
this can be approximated by linking the edges of a heavy non-crossing matching formed by projecting
the points onto a line, splitting the points into two sets by their median on this line, and matching
points of one set with those of the other. The approximation ratio of this method for the non-crossing
traveling salesman problem igst — ¢; this ratio is not worked out explicitly for the other bounded-
degree spanning tree problems but remains a constant. The time used by Alon et al. to find this long
non-crossing path i®(nlogn). As with the other non-crossing problems considered by Alon et al.,
the complexity of finding exact solutions apparently remains open.

2.4 k-point spanning trees
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We next consider thk-minimum spanning tregroblem: givem points in the Euclidean plane, find
the shortest tree spanniikgf the points (Figure 3(a)).

Up to constant factors in the approximation ratio,kKHST problem is equivalent to the problem of
finding a path connectirigpoints (thek-TSP problem) or a Steiner tree connectirpints. The choice
of Euclidean metric is also not critical. However we will use KaMST formulation for simplicity.
Thek-MST problem was introduced independently by Zelikovsky and Lozevanu [116], and by Ravi
et al. [97]. Many similakk-point selection problems with other optimization criteria can be solved in
polynomial time [42, 58] but thke-MST problem is NP-complete [97, 116] (as are obvioushyHTesP
andk-Steiner tree variants), so one must resort to some form of approximation. In a sequence of many
papers, the approximation ratio was reducetk/#) [97], O (logk) [64, 87],0(logk/ log logn) [54],
0O(1) [21], 2v/2[89], and, very recently, & € (Arora, personal communication). We describe thé2
approximation algorithm, but the other results use similar methods. For related work on non-geometric
k-MST problems see [13, 22, 30, 97, 116].

Mitchell [89] first restricts his attention to the rectilinear metric in the plane; the weight of a tree in
this metric differs by its Euclidean weight by a factor of at mg&, so this simplification entails only
that factor loss in the overall approximation ratio of his algorithm. With this restriction, one can look
for arectilinear treein which vertices are connected by paths of horizontal and vertical line segments.

Most of the approximation algorithms for the geomekidMST problem work by using dynamic
programming to construct a suitable recursive partition of the plane, and Mitchell’s is no exception.
Mitchell defines aguillotine subdivisionto be a recursive partition ot the plane into rectangles, in
which each rectangle is subdivided by a vertical or horizontal line segment into two smaller rectangles
(Figure 3(b)). For a given rectilinear tree, thganof a line segment in the subdivision is the shortest
contiguous subsegment containing all the points where the segment intersects the tree. (In other words,
this span is a one-dimensional convex hull of the intersection of the line segment with the rectilinear
tree.)

The key technical result of Mitchell, the proof of which is too complicated to repeat here, is the
following:

Lemma 13(Mitchell). For any rectilinear grapt®, we can find a guillotine subdivisio8, such that
each edge o6 is covered by the spans of segment$jmand such that the weight of these spans is at
most twice the weight o6.

Let G be the optimum rectilinedt-point spanning tree; then the lemma shows that there exists a
guillotine subdivision, for which the spans of segments form a connected region of the plane covering
at leastk points, and with weight at most twice that @f Conversely, if we construct the minimum
weight guillotine subdivision with these properties, we can simply take a minimum spanning subgraph
of this region of the plane to produce a rectilin&gpoint spanning tree with the same weight, which
will then be twice that of the optimum rectilinear tree. (Actually, in general this process will form
a Steiner tree rather than a spanning tree. One must instead be more careful, and find a guillotine
subdivision for which the minimum spanning subtree of the gk/pnints has minimum total weight.)

Thus we have reduced the problem to one of finding an optimum guillotine subdivision. This can be
done by dynamic programming: there @¢n*) combinatorially distinct ways of forming a rectangle
containing one or more of the sites. For each of these different rectangles, for each possible number of
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sites within the rectangle, and for each of the (polynomially many) distinct ways of connecting those
sites to the boundary of the rectangle, we finds the optimal guillotine partition within that rectangle
by combining information fromO(n) pairs of smaller rectangles. The result is a polynomial time
algorithm for finding the optimum guillotine partition.

Theorem 8(Mitchell). In polynomial time, one can find a spanning tree of a subsebot of n given
planar sites, having total weight at mosf2 times the optimum.

The complexity of this method, while polynomial, is very high(@*°k?) or O(nlogn + nk3%))
but can be reduced somewhat @in°k?) or O(nlogn + nk'%) at the expense of increasing the
approximation ratio to a larger constant [89]. Further work remains to be done on reducing the time
complexity of this algorithm to a more practical range. In this direction, Eppstein [54] showed that an
O(logk) approximation could be found in tim@(n log n + nklogk) by combining a similar dynamic
programming approach with techniques based on quadtrees.

2.5 Minimum diameter spanning trees

The previous spanning tree problems have all been based on the weight of the tree constructed. We
now consider other criteria for the quality of a tree. Tdiameterof a tree is just the length of its
longest path. Since geometric spanning trees are often used in applications such as VLSI, in which
the time to propagate a signal through the tree is proportional to its diameter, it makes sense to look
for a spanning tree of minimum diameter. Ho et al. [68] give an algorithm for this problem, based on
the following fact:

Lemma 14(Ho et al.) Any point set has some minimum diameter spanning tree in which there are at
most two interior points.

Proof: We start with any minimum diameter spanning tieeand perform a sequence of diameter-
preserving transformations until it is in the above form. Pebe the longest path in the given tree,
and number its vertices,, vy, .. ., vp.

We first form a forest by removing all edges®ffrom T, and for each vertex of P, let T, denote
the tree in this forest containing For any other vertex, let P, denote the vertex such thatu is
in T,. Then we construct a new tr@é by adding toP an edge from each vertexto P,. T’ has the
same diameter as the original tree, since the distance between any two vertices is unchanged except
when they are in the same trég, and in that case (by the assumption tRais a diameter path) the
distance of each point tois less than the distance fromto the endpoints oP.

Now suppose tha® has four or more edges and the length of the pathy-v3 is at most half the
length of P. (If not, we can revers® and consider the three vertices at its other end.) Form a tree
T” by removing every edgav, and reconnecting each such verteto vz. This can only decrease
the lengths of paths already going throughin T’, so the only pairs of vertices with increased path
lengths are those newly connectedto But the length of any such path is at most twice the length of
the pathv1-v2-v3, SO the diameter of ” is no more than that of .

Each repetition of this transformation decreases the number of ed&egritil it is at most three,
and preserves the property that each vertex is within one edgesaf we will eventually reach a tree
of the form specified in the lemmal
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Figure 4. (a) Minimum diameter spanning tree corresponds to cover by two circles. (b) Point set with high
diameter minimum spanning tree.

Theorem 9(Ho et al.) We can find a minimum diameter spanning tree of any point set in@ime).

Proof: We simply try all single interior vertices and pairs of interior vertices. For the latter case, we
still need to determine how to assign each remaining point to one of the two interior vertices. If the
diameter path of the tree ig-v,-v3-v4, and we know the lengths of-v, andvs-vs, we can perform

this assignment by drawing two circles, centered at the two interior vertices, with those lengths as radii
(Figure 4(a)); these circles must together cover the whole point set and each point can be assigned to
the interior vertex corresponding to the circle covering it. Ho et al. show that, if we sort the points by
their distances fromy, andvs, the space of all minimal pairs of covering circles can be searched in
linear time. These sorted orders can be precomputed in a to(réflogn) time. O

Ho et al. also consider optimization of combinations of diameter and total weight; they show that
it is NP-complete to find a tree satisfying given bounds on these two measures. It is also of interest
to combine these criteria with a bound on vertex degree. Of course for degree-two trees, minimum
diameter and minimum weight are equivalent to the traveling salesman problem. The minimum weight
spanning tree itself can have very high diameter@ar/n) factor away from optimal); for instance
a point set spaced nearly uniformly in a unit square can have a path of rigth) as its minimum
spanning tree (Figure 4(b)). Conversely an upper bour@d@fn) follows from results on the worst
case length of the minimum spanning treengdoints [18, 109].

One can achieve a better diameter by relaxing the requirement of minimum weight; as we describe
later, for two- and three-dimensional point sets, one can find a subgraph of the complete Euclidean
graph with degree three and total weigh{1) times that of the minimum spanning tree, for which
shortest paths in the subgraph have length wiit) of the Euclidean distance [37]. A single-source
shortest path tree in such a graph is a degree-three tree that has both weight and diameter within
a constant of the minimum. Similar problems of constructing spanning trees combining diameter,
weight, and bottleneck shortest path bounds were considered by Salowe et al. [102] and Khuller et
al. [76].

2.6 Minimum dilation spanning trees

Of the various common geometric network design quality criteria, only dilation is underrepresented
among research on the tree problems. (Dilation has been studied for non-geometric tree design
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problems [24], and as we will see, is very prominent in work on other classes of graph.) This omission
is likely because there is little to do in terms of worst case bounds:

Lemma 15. Any spanning tree on the vertices of a regular polygon has dil&ion.

Proof:  As with any tree, we can find a vertax the removal of which partitions the tree into
components the largest of which has at mostvertices. Therefore there is some pair of vertices
from different components, adjacent to each other along the boundary of the polygon, and separated
from v by at leash/6 polygon edges. The path in this tree connecting this pair passes thrpagth

so has dilatiorf2(n). O

Conversely, the minimum spanning tree has dilatim) by its bottleneck shortest path property.
However, the minimum spanning tree is not always good in terms of dilation; an example similar to
that of Figure 4(b) shows that it can have dilati@iin) even when dilatiorD(,/n) is possible. it is
easy to construct spanning trees with dilat@o,/n).

Open Problem 4. Is it possible to construct the exact minimum dilation geometric spanning tree, or
an approximation to it, in polynomial time? Does the minimum dilation spanning tree have any edge
crossings? How well is it approximated by the minimum spanning tree?

3 Planar Graphs

3.1 Minimum weight triangulation

The minimum weight triangulatioproblem asks to find a triangulation (that is, a maximal planar
straight-line graph on the given set of vertices) that minimizes the total Euclidean edge length. This
problem is not known to be NP-hard, nor is it known to be solvable in polynomial time, and the
complexity of minimum weight triangulation is one of the few problems left from Garey and Johnson’s
original list of open problems [63]. However, a generalized problem with non-Euclidean distances is
NP-complete [85].

We describe here two very recent developments in the theory of minimum weight triangulations.
First, Levcopoulos and Krznaric [81] have shown that one can find a triangulation with total length
approximating the minimum to within a (large) constant factor; no such approximation was previously
known. Second, Dickerson and Montague have found a method of finding in polynomial time a
subgraph of the exact minimum weight triangulation which, empirically, is usually quite large; enough
so that moderate sized instances of the problem can now be solved exactly. It is possible that their
method in fact gives a polynomial time algorithm for the problem.

3.1.1 MWT Approximation

The two best approximations known to the MWT are those of Plaisted and Hong [96] and of Levcopou-
los and Krznaric [81]. Although dissimilar in many ways, an important basic idea is shared by both
papers. Rather than finding a triangulation directly, they consider the problem of finding a minimum
weight partition into convex polygons with vertices at the input poiM€(for short).
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Figure 5. (a) Ring heuristic triangulation of a convex polygon. (b) Greedy triangulation cagtigde) larger
weight than minimum.

We first sketch Plaisted and Hong'’s work. ebe an interior vertex of a planar straight-line graph
with convex faces (such as the MWT 8f. We can find atar of three or four edges forming no reflex
angles ab as follows: choose the first star edge arbitrarily, and choose each successive edge to form
the maximal non-reflex angle with the previous edge. Conversely, if each interior vertex of a planar
straight-line graph has no reflex angles, the graph must have convex faces. Thus motivated, Plaisted
and Hong try to build a graph o&with convex faces by piecing together local structures—stars. For
each points in the interior of the convex hull o8, they find the minimum weight star of three or
four edges. This collection of minimum weight stars, together with the convex hd@] tdrms a
graph with total edge length less than twice thab€ and therefore of the MWT. Unfortunately,
the resulting graph may not be planar. Plaisted and Hong use a complicated case analysis to remove
crossings from this graph, ending up with a planar straight-line graph with convex faces having total
edge length at most 12 times that of the MWT. Thwgy heuristic(connecting every other vertex of a
convex polygorP to form a polygonP’ with |[n/2]| vertices and a smaller perimeter, and triangulating
P’ recursively; see Figure 5(a)) can be used to convert this convex partition to a triangulation, at the
cost of a logarithmic factor in total length (and hence in the approximation ratio). Olariu et al. [94]
showed that thi© (logn) bound is tight.

We now outline the results of Levcopoulos and Krznaric [81]. Their idea is to start with a proof
that thegreedy triangulatior{(in which one considers the possible edges in increasing order by weight,
adding an edge to the triangulation exactly when it does not cross any previously added edge) achieves
approximation ratidO (,/n); an(,/n) lower bound was previously known [80, 86] and is depicted
in Figure 5(b). Rather than proving this directly, Levcopoulos and Krznaric again work with convex
partitions. They define a greedy convex partite@ by constructing stars using only the edges in the
greedy triangulation. Unlike the construction of Plaisted and Hong, the result is planar (since it is a
subgraph of a planar graph) so no crossings need be removed. The first step of their proof is a lemma
that the weight of5 C approximatesviC within a factor ofO(,/n).

Given any graphG such asMC or GC, define max(v) to be the length of the longest edge
incident tov in G; for any planar graph the sum of these quantities is within a constant of the total
graph weight. Then if the greedy patrtition is heavier than the minimum partition by a fackor of
Levcopoulos and Krznaric chooseto maximize magc(v) — maxyc(v) among all vertices with
maxgc(v) = Q(kmaxuc(v)). Some simple algebra shows that the weighB@fis O(n maxgc(v)).
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They then use the properties of the greedy triangulation (and the details of their construction of
GC from their triangulation) to construct a fan 6f(k) edges resembling that in Figure 5(b), in
which the short edge of the fan corresponds roughly with yiax) and the long edge corresponds
with maxsc(v). From this fan one can find a convex chain@fk) vertices such that any star
at one of these vertices involves an edge of ler@tmaxsc(v)). As a consequence the weight
of MC is Q(kmaxsc(v)). Combining these two bounds we see that the weight tatdd GC
to MC is O(n/k). Thereforek = O(y/n), and this gives arD(,/n) approximation ofMC by
the greedy convex partition. Levcopoulos and Krznaric then show that for any convex pattition
formed by edges of the greedy triangulati@n¢an be triangulated by adding diagonals of total length
O(JMWT] + |C]). Since the overall greedy triangulation we started with, restricted to each cell
of C, forms a greedy triangulation of that cell, and since the greedy triangulation forms a constant
approximation to the MWT of a convex polygon [82], the result is that the length of the greedy
triangulation iSO(IMW T| + [MC|/n) = (MW T|/n).

To improve thigO (4/n) approximation, Levcopoulos and Krznaric modify the greedy triangulation.
Their algorithmM G R E E DYadds edges one at atime to a PSE@Gas follows. Leuv be the smallest
edge not crossing anything already@n(so that the greedy algorithm would next agddto G). Then
MG R E E DYtests the following six conditions:

e Some pair of edgesw andwv are already irG, with uwv forming an empty triangle.
e Some edgevx crossesiv, with edgevx already inG andvwx forming an empty triangle.

e Anglevwu is at least 135

lwX| < 1L.1juv|.
o If pis the intersection point of linesx anduw, then|xp| < 0.5|wp.
e There is an edgay already inG, such that trianguleuy is empty and angleuy is reflex.

If all six conditions hold, then the algorithm adds edgeto G; otherwise it addsiv.

A similar construction of a convex partition and a fan in it now holds in this modified algorithm
as it did in the greedy triangulation. However now the fan can only @& edges before forming
a situation in which the six conditions above hold. The result is that the convex partition is a constant
factor approximation to the minimum weight convex partition, and the modified greedy triangulation is
a constant factor approximation to the minimum weight triangulation. As Levcopoulos and Krznaric
show, these approximations can be constructed in tixelogn), or evenO(n) if the Delaunay
triangulation is already known.

Open Problem 5. Whatis the best possible approximation ratio for a polynomial time approximation
to the minimum weight triangulation?

3.1.2 Exact MWT construction

Instead of approximating the minimum weight triangulation, a number of authors have attacked the
problem of constructing the exact minimum weight triangulation, by finding conditions sufficient to
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guarantee that certain edges belong to the MWT. If enough MWT edges could be found in this way, so
that the resulting subgraph of the MWT connected all the vertices, the remaining regions of the plane
could be treated as simple polygons and triangulated in polynomial time by dynamic programming [78].
This approach gained in credibility when Edelsbrunner and Tan [50] used it to solve a closely related
problem, themin max weight triangulationin this problem, the quality of a triangulation is measured

by the length of its longest edge; the min max weight triangulation is the one minimizing this quantity.

Lemma 16 (Edelsbrunner and Tan)There exists some min max weight triangulation that contains
the edges of the relative neighborhood graph of the sites.

Corollary 1. The min max weight triangulation can be found in polynomial time.

The dynamic programming idea described above would lead © (@) time bound, but Edels-
brunner and Tan reduced this@(n?).

Recall that the relative neighborhood graph is defined in term$arbédden regiorcharacteriza-
tion: an edge is in the graph if and only if the lune (formed by intersecting the two circles with that
edge as radius) contains no other sites. Several authors have proven similar forbidden region charac-
terizations for the minimum weight triangulation. Yang et al. [114] show that if the region formed as
the union of the same two radius circles is empty, the edge belongs to the MWT. (In particular, the
two closest sites are connected by an edge in the MWT [65].) Keil [73], Yang [113], and Cheng and
Xu [31] prove similar results for an alternate union of two circles, for which the given edge is a chord.

Aichholzer et al. [5] provided a different type of characterization of minimum weight triangulation
edges, which leads to an algorithm capable of finding the MWT for certain very large subsets. They
define alight edgeto be one that is not crossed by any other edge of smaller weight. It is not the
case that all light edges need be part of the MWT, but they show that if the set of all light edges
forms a triangulation, that triangulation must be the one minimizing the total edge weight (or any other
monotonic functional of edge weights). Aichholzer et al. note that the characterizations of Keil, Yang
etal. [73, 113, 114] all produce edges that must be light.

The best computational results so far for exact minimum weight triangulation construction have
been found by Dickerson and Montague [44, 45]. They defilmeally minimaltriangulation to be
one in which for every two adjacent triangles forming a convex quadrilateral, the common side of the
triangles is the shortest diagonal of the quadrilateral. Clearly, the minimum weight triangulation is
locally minimal; their idea is to identify edges belonging to all locally minimal triangulations. The
technique is simply to maintain a s8tof edges that might possibly be part of a locally minimal
triangulation. Initially S consists all pairs of vertices, then in a sequence of passes Dickerson and
Montague remove fron®d any edge that is not the short diagonal of a quadrilateral (not containing
other sites) all sides of which still belong & Eventually no more edges can be removed, and the
process terminates. They then define anotheEset all those edges remaining Biand not crossed
by any other edge if.

Lemma 17 (Dickerson and Montague)All edges inS belong to all locally minimal triangulations.

Since onlyO(n?) edges can be removed frof this heuristic runs in polynomial time. In com-
putational experiments, Dickerson and Montague have shown that for moderate sized inputs (between
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Figure 6. (a) Diamond property: one of two isosceles triangles on edge is empty. (b) Graph violating good
polygon property: ratio of diagonal to boundary path is high.

100 and 200 points), the set of edgesSiris very likely to form a connected subgraph of the mini-
mum weight triangulation. The minimum weight triangulation itself can then be found by dynamic
programming.

Open Problem 6. Is the graph found by Dickerson and Montague always connected? Can one test
in polynomial time whether a given edge belongs to some locally minimal triangulation? Can one find
the exact minimum weight triangulation in polynomial time?

3.2 Low-dilation planar graphs

We next consider the problem of constructing planar networks withlltation (maximal ratio between
graph and geometric distance). Clearly it will not always be possible to find networks with dilation
very close to 1; for instance, any planar graph connecting the vertices of a square has #ation

The initial work on this problem has been to show that various previously studied graphs had
constant dilation. Chew [32] showed that the rectilinear Delaunay triangulation has dilation at most
V/10. (Note that the dilation here is measured in the Euclidean metric even though the triangulation
itself is defined with the rectilinear metric. There is a factog/@lost in the translation; the rectilinear
Delaunay triangulation has rectilinear dilatiaf6.) Chew also pointed out that by placing points
around the unit circle, one could find examples for which the Euclidean Delaunay triangulation was
made to have dilation as muchag2. In the journal version of his paper [33], Chew added a further
result, that the graph obtained by Delaunay triangulation for a convex distance function based on an
equilateral triangle has dilation at most 2. Chew'’s conjecture that the Euclidean Delaunay dilation was
constant was proved by Dobkin et al. [46], who showed that the Delaunay triangulation has dilation at
mostym whereg is the golden ratigl + +/5)/2. Keil and Gutwin [74] further improved this bound
t0 sy ~ 2.42.

Das and Joseph [39] then showed that these constant dilation bounds were not unusual; in fact such
bounds hold for a wide variety of planar graph construction algorithms, satisfying the following two
simple conditions:

e Diamond property. There is some angte < =, such that for any edgein a graph constructed
by the algorithm, one of the two isosceles triangles veitas a base and with apex angle
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contains no other site. This property gets its name because the two triangles together form a
diamond shape, depicted in Figure 6(a). For instance, because of its empty-circle property, the
Delaunay triangulation satisfies the diamond property with /2.

e Good polygon property. There is some constat such that for each facé of a graph
constructed by the algorithm, and any two sites that are visible to each other across the
face, one of the two paths arouridfrom u to v has dilation at mosil. Figure 6(b) depicts a
graph violating the good polygon property, because two nearby sites have no short boundary
path connecting them. The good polygon property is satisfies by any triangulation (with).

Intuitively, if one tries to connect two vertices by a path in a graph that passes near the straight line
segment between the two, there are two natural types of obstacle one encounters. The line segment
one is following may cross an edge of the graph, or a face of the graph; in either case the path must
go around these obstacles. The two properties above imply that neither type of detour can force the
dilation of the pair of vertices to be high.

Theorem 10(Das and Joseph)Any planar graph construction algorithm satisfying the diamond and
good polygon properties produces graphs with bounded dilation.

The proof is too complicated to summarize here, but is in some ways similar to the proof of
Dobkin et al. [46] that the Delaunay triangulation has bounded dilation. Das and Joseph go on to show
that not only Delaunay triangulations but also the greedy and minimum weight triangulations possess
these two properties, and hence have bounded dilation. (The bound, while constant, is quite high and
could presumably be strengthened.) It seems clear that similar results should also hold for some other
triangulation methods developed since their paper, such as the min max edge length triangulation and
the min max angle triangulation [51]. Constant dilation of greedy and related triangulations plays a key
role in Levcopoulos and Krznaric’s recent constant-factor approximation algorithm for the minimum
weight triangulation [81], and Drysdale [23] has pointed out that the diamond property of minimum
weight triangulation can be very helpful in pruning the edges that could potentially take part in it, and
speed up exact solution methods for this triangulation.

Another set of natural candidates for bounded dilation arestskeletonsformed by including
an edgeab when no other site forms an anglecblarger than some particular bound (depending on
the parameteg). When the angle bound is 9this is theGabriel graph a subgraph of the Delaunay
triangulation and the relative neighborhood graph, and a supergraph of the minimum spanning tree.
Skeletons larger angle bounds have been used to find sets of edges guaranteed to be part of the
minimum weight triangulation [31, 73, 113]. Asapproaches zero, these skeletons contain more and
more edges, until eventually one forms the complete geometric graph; this limiting behavior along
with the fact that the definition g8-skeletons is closely related to Das and Joseph’s diamond property
hint together that these graphs might have bounded dilation. But Eppstein [57] has recently shown
that a fractal construction leads geskeletons in the form of paths with unbounded dilation, for any
B > 0. (Figure 7.)

Curiously, there has been little or no published work on using dilation as the direct basis for
constructing planar graphs (rather than constructing graphs some other way and measuring the dilation
of the result). Obviously, the minimum dilation planar graph should be a triangulation, since it is
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Figure 7. FractaB-skeleton with unbounded dilation.

never harmful to add diagonals. It seems that it should have useful properties similar to those of the
Delaunay triangulation, min max angle triangulation, min max edge length triangulation, minimum
weight triangulation, and other optimal triangulations, but this has apparently not been studied.

For many optimal triangulation problems, the version of the problem in which one optimally
completes the triangulation of a convex or simple polygon can be solved by dynamic programming [78],
however even this is not obvious for the minimum dilation triangulation. A solution to this subproblem
might have implications in allowing the powerfetige insertiormethod [16, 51] to be applied to the
point set version of the problem.

Open Problem 7. Is it possible to construct in polynomial time the minimum dilation triangulation
of a point set, or of a simple polygon?

Clearly there still also remains a wide gap between the best upper and lower boundsy(2 and
respectively) on dilation of planar graphs.

Open Problem 8. What is the worst case dilation of the minimum dilation triangulation?

3.3 Planar Dilation and Weight

Levcopoulos and Lingas [83] and Das and Joseph [39] brought the total weight of the graph, as well
as its dilation, into the equation. Clearly the weight should be measured in terms of the minimum
spanning tree, for as Das and Joseph [39] observe, any graph with bounded dilation should at least be
connected.

Das and Joseph [39] form a planar graph by applying a greedy triangulation algorithm to the
polygons remaining between the minimum spanning tree and the convex hull of the sites. They then
consider the greedy edges in decreasing order of weight, removing each edge if it is unnecessary
to achieve the desired dilation. They then apply their diamond property and good polygon property
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criteria to bound the dilation of the resulting pruned graph. Because they only prune the greedy edges,
the total weight of the spanner they construct is close to three times that of the minimum spanning tree.

Althofer et al. [7, 8] later generalized this pruning strategy to arbitrary graphs. Given any graph,
and any parametér> 0, their method again considers the edges of the graph in decreasing order by
weight, removing each edge if it is not necessary to achieve dilatibrt.10bviously the result is a
subgraph with dilation % t, but they prove further that the total weight of this subgraphsC(n/t)
times that of the graph’s minimum spanning tree, and that the number of ed@es'is®1/V). For
planar graphs these bounds are much better: The weight-i©11/t) times that of the minimum
spanning tree, and the number of edge(&+ O(1/t)).

Althofer et al. then apply this method to the Delaunay triangulation, which as we have seen is
a planar graph with constant dilation that also contains the Euclidean minimum spanning tree. The
result is a planar spanner with constant dilation, few edges, and weight arbitrarily close to that of the
minimum spanning tree.

Levcopoulos and Lingas [83] proved the same result by a similar but more complicated method
of pruning the Delaunay triangulation; their pruning method works only for planar graphs, but has the
further advantage that it runs in linear time. The same pruning method can be used to trade weight and
dilation in the other direction, and find graphs with dilation arbitrarily close to that of the Delaunay
triangulation, and weight a large constant times that of the minimum spanning tree.

4 General Graphs

Most of the work on general geometric network design problems, in which the network to be constructed
is not of some restricted class, has been on dilation of sparse graphs, since it is trivial to find a graph
with low weight or diameter, or to find a non-sparse graph with low dilation.

4.1 Dilation only

As we saw, for planar graphs, the dilation can not approach one. By considering nonplanar graphs,
it is possible to find sparse graphs approximating the complete Euclidean graph arbitrarily closely.
Specifically, Keil [72] showed that variations of the Yao graph construction (in which one partitions
the space around each point into wedges with a given fixed opening angle, and connects the point to the
nearest neighbor in each wedge) produce graphs with dilation arbitrarily close to Dijredges,

and that can be constructed in tir@n log n).

Theorem 11(Keil). The Yao graph, formed by wedges of opening artgle 60°, produces graphs
with dilation 14+ O(1/6).

Proof: To find a path in this graph from to v, one at each step determines the wedge containing
and moves along a graph edge to the nearest varteix (hat wedge. The worst case for the algorithm
occurs whemv anduw are similar in length but widely separated in angle, in which case the distance to
visreduced byl—O(1/0))uw. Foré < 60° this reduction must be positive, and repeating the process
brings us eventually to. The total distance traveled is proportional fgll— O(1/6)) = 1+ O(1/6)

times the total reduction in distancedpwhich is exactly the original distance fromto v. O
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Althofer et al. [7, 8] observed that this result holds in any dimension, and Ruppert and Seidel [99]
modify the technique so that orthogonal range searching methods can be used in its construction,
improving its running time in high dimensions @(nlog® n).

Callahan [25] improved the dependence between the number of edges and the dilation, as well as
the construction time, in this result:

Theorem 12. If one forms a well-separated pair decomposition, and chooses a representative edge
from each pair, the resulting graph h@gn) edges and can be made to have dilation arbitrarily close
to one (as a function of the separation parameter of the decomposition).

Proof: We find a short path between two siteseindv by the following recursive process: by the
definition of a well-separated pair decomposition, the decomposition includes sortid pdirof sets
of sites for whichu is in U andv is in V. Find the edge/’v’ representing the paitJ, V), and form

a path by recursively connectingto u’, following edgeu’v’, and connecting’ to v. If the parameter
of separation in the decompositiondgsand the length ofiv is r, the length ofu’v’ can be at most
r (s + 4)/s, and the length ofiu’ andvv’ can be at mostrZs. Therefore this recursive algorithm
produces a path with length satisfying the recurrence

Lor)<r(@d+4+4/s)+2L(2r/s).

If s > 4, this solves tdO(r), and for anye > 0 one can choose a sufficiently largéor which the
solution to this recurrence i1 +¢). O

As in his approximation to the Euclidean minimum spanning tree, Callahan further shows that the
dependence oa can be reduced by choosing more carefully the representative edge for each pair in
the well separated pair decomposition.

Similar constructions of sparse spanners with a larger dependence on the dilation were also given
by Salowe [100] and Vaidya [112].

4.2 Dilation and weight

Note that the small-dilation graphs described above may have very high weight. As we have already
seen, it is possible for planar sites to construct small-dilation graphs with weight arbitrarily close to
that of the minimum spanning tree. the greedy algorithm

The greedy algorithm of Altbfer et al. [7, 8] (described in the section on planar graphs) was
defined for any graph, and so produces spanners with nontrivial weight bounds in any dimension; but
in general the results proved by those authors are far from the constant factor over minimum spanning
tree weight that one would hope for. Das et al. [38] showed that applying this greedy algorithm to the
complete Euclidean graph in three dimensions again produces a spanner with any giventdilation
and total weightO(1) times that of the minimum spanning tree (where the constant depent]s on
Chandra [27] showed that for random point sets in higher dimensions, the weight iS<xdaitimes
that of the minimum spanning tree. Das and Narasimhan [40] apply this greedy approach to a sparse
spanner produced by clustering techniques; the dilation of the result is the product of the dilations from
these two steps, which is still typically some constant. This idea speeds up the greedy method to run
in time O(nlog? n), and produces results similar to those of Aliér et al.
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Figure 8. Isolation property: a cylinder around each edge is not crossed by any other edge.

Chandra et al. [28] showed that, for any graph, one can construct a spanner with didtgan)
and weightO(1) times that of the minimum spanning tree. For geometric graphs in any dimension,
they construct spanners with constant dilation and welijiig n) times that of the minimum spanning
tree. They actually give two methods for this second result. One method is simply to apply the greedy
algorithm; they show a® (log n) weight factor based on ttgap property the endpoints of any two
edges are separated by a distance at least proportional to the smaller of the two edge lengths. The other
method combines known sparse (but heavy) spanners with approximations to the traveling salesman
path; the algorithm then partitions the path recursively into smaller pieces and combines spanners
from representative points on each piece. Arya and Smid [10] modify and speed up the first, greedy,
method: instead of adding edges incrementally when necessary to preserve the dilation, and proving
that the result satisfies the gap property, they add edges unless the gap property would be violated, and
show that the resulting graph has bounded dilation. With this modified greedy method they show that
a graph with bounded dilation and weigBilogn) times that of the minimum spanning tree can be
constructed in timé(nlog® n).

Finally, Das, Narasimhan, and Salowe [41] extended the results of Das et al. [38], and showed
that in any dimension the greedy algorithm produces spanners with both constant dilation and weight
a constant times that of the minimum spanning tree. The dilation bound is immediate; the weight
bound is reminiscent of the methods of Das and Joseph [39] in that the authors describe a collection
of general conditions under which such a bound applies; further their isolation property is very similar
to the diamond property of Das and Joseph.

e Isolation property. There exists a constant such that any edge of lengthproduced by the
given algorithm can be placed within a cylinder of radius and heiglst (Figure 8), such that
the axis of the cylinder is a subset of the edge, and the cylinder does not intersect any other edge
of the graph.

Note that, unlike the diamond property, the cylinders are required to avoid the edges of the graph,
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and not just the other sites. Also note that in this definition the cylinders around each edge may intersect
each other, but one can shrink them by a factor of two to avoid intersections. The exact shape of the
cylinders is also unimportant.

Lemma 18(Das et al.) Any geometric graph satisfying the isolation property has weight at most a
constant times that of the minimum spanning tree.

The proof is based on separating the edges of the graphs into groups of nearly parallel edges, and
charging the length in each group to edges in the Steiner minimal tree of the sites. Das et al. also
prove similar results for theeapfrog property a generalization of the isolation property for which
they give a more complicated definition. They then show that graphs produced by a version of the
greedy algorithm have this property. This then proves that the greedy algorithm produces spanners
with weight O(1) times that of the minimum spanning tree.

4.3 Dilation, weight, and degree

Perhaps the ultimate results in high-dimensional spanners combine dilation, weight, and vertex degree.
Clearly the degree bound must be at least three, since degree-two graphs may be forced to have very
large dilation. Further, for any fixed boumtlon the degree, one must have dilation bounded away
from one by some function af, even in the plane, as can be seen by considering the vertices of a
regulard + 2-gon.

Chandra et al. [28] showed that their version of the greedy method, when applied to polyhedral
approximations to the Euclidean graph, produces a spanner with degree bounded by some function of
the dilation, dimension, and the particular approximation. Their bound is not stated explicitly but is
roughly exponential in the dimension. As we have seen these spanners also have low weight.

Salowe [101] produces another bounded-degree spanner algorithm by modifying the Yao graph
construction described earlier (which may have unbounded degree). The idea is simply to add edges to
the spanner in order by weight, adding an edge) if there is no other edgel, w) or (v, w) already
added and having an angle close to thatwfv). Salowe also reports that a similar degree bound
applies to the spanner of Ruppert and Seidel [99] but this appears to be erroneous. However it should
be possible to keep track of the next edge to be added to the graph at each step of this construction (that
is, the shortest edge within a certain range of angles, connecting two points not already incident to
edgesinthatrange) by combining Ruppert and Seidel’s modified Yao graph orthogonal range searching
technique [99] with a method of Eppstein [53] for maintaining bichromatic closest pairs dynamically.
The result would be a®(nlog®® n) time algorithm to construct this bounded degree spanner.

Aswe have already seen, Aryaand Smid [10] achieved a similartime bound for an alternate bounded
degree spanner. Yet another bounded-degree spanner construction is credited by Vaidya [112] to Feder
and Nisan.

Finally, Arya et al. [9] improved the time bounds of all these methods. The results of Arya et
al. include anO(nlogn) time algorithm for constructing a spanner with bounded dilation, bounded
degree, and weight a constant factor times the minimum spanning tree. They also Giyelagn)
algorithm for constructing a spanner with bounded dilation on path® @gn) edges, bounded
degree, and weigh®(log® n) times that of the minimum spanning tree. (The idea of finding short
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paths with few edges was also previously considered by Arya, Mount, and Smid [11].) Therefore for
any fixed dilation, one can quickly find spanners with bounded degree. Further work on the problem
has turned this tradeoff around, and asked how small a degree is possible to achieve bounded dilation.

Salowe [101] was the first to find degree bounds that did not grow with the dimension of the
problem; he showed that in any dimension, there is a degree-four graph with constant dilation. Salowe
starts with any one of the bounded degree methods discussed above. Salowe’s method for reducing
the degree to four is then to cluster points using the nearest neighbor forest, and use these clusters to
roughly halve the degree of any spanner construction method. Starting with the initial bounded degree
spanner method described above and iterating this degree reduction process produces his result. This
paper also contains a convenient classification of the spanner literature in terms of five parameters
(dilation, time, number of edges, weight, and degree) and the class of metric space for which the
spanners are defined. Salowe’s paper does not however include a bound on the total weight of his
spanners.

Das and Heffernan [37] improved this degree-four bound, by showing that in any dimension, there
is a graph with maximum degree three, at ntisedges (for ang>1), constant dilation (depending on
d), and total weightD(log n) times the minimum spanning tree weight. They state that in dimensions
two and three the weight can be further reduce®id) times the minimum spanning tree weight.
Their technique involves similar nearest-neighbor-forest based clustering methods to those of Salowe,
applied somewhat more carefully, and combined with the greedy spanners constructed by Chandra
et al. [28]. The weight bound comes from summing the weight of the greedy spanner with that of
the nearest neighbor forest (which as a subgraph of the minimum spanning tree has small weight).
Combining this with the recent result of Das et al. [41] on constant weight bounds for the greedy
spanner construction yields the following result.

Theorem 13(Das, Heffernan, Narasimhan, and Salowdr sites in any fixed dimension, and for any
constand > 1, there is a graph with constant dilation, degree three, at drostiges, and weight a
constant factor times that of the minimum spanning tree.
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